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Abstract Tropical forests are paramount in regulat-

ing the global carbon cycle due to the storage of large

amounts of carbon in their biomass. Using repeat

censuses of permanent plots located at 15 sites in the

Andes Mountains of northwest Colombia, we evalu-

ate: (1) the relationship between aboveground biomass

(AGB) stocks, AGB dynamics (mortality, productiv-

ity, and net change), and changes in temperature

across a ca. 3000-m elevational gradient (& 16.1 �C);
(2) how AGBmortality and AGB productivity interact

to determine net AGB change; and (3) the extent to

which either fine-grain (0.04-ha) or coarse-grain (1-

ha) processes determine the AGB dynamics of these

forests. We did not find a significant relationship

between elevation/temperature and biomass stocks.

The net AGB sequestered each year by these forests

(2.21 ± 0.51 Mg ha-1 year-1), equivalent to approx-

imately 1.09% of initial AGB, was primarily deter-

mined by tree growth. Both forest structural properties

and global warming influenced AGBmortality and net

change. AGB productivity increases with greater

inequality of tree sizes, a pattern characteristic of

forest patches recovering from disturbances. Overall,

we find that global warming is triggering directional

changes in species composition by thermophilization

via increased tree mortality of species in the lower

portions of their thermal ranges and that the inclusion

of small-scale forest structural changes can effectively

account for endogenous processes such as changes in

forest structure. The inclusion of fine-grain processes

in assessments of AGB dynamics could provide

additional insights about the effects that ongoing

climate change has on the functioning of tropical

montane forests.
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Introduction

Tropical forests contain approximately 40–50% of all

carbon stored in terrestrial vegetation (Pan et al. 2011;

Saatchi et al. 2011), making this ecosystem paramount

for carbon regulation and mitigation of climate change

(Clark 2007). However, an issue largely overlooked in

previous analyses investigating aboveground biomass

(AGB) dynamics (which we define here as the

demographic performance of forests through stem

growth, recruitment, and mortality) in tropical mon-

tane forests (Girardin et al. 2010) is the interacting

influences of fine-grain endogenous processes, such as

disturbance and competition (e.g., Clark et al. 2014;

Zhang et al. 2015), and changes in species composi-

tion due to exogenous processes, such as climate

change (Feeley et al. 2013; Duque et al. 2015).

Assessing the relative effects of structural changes due

to disturbances in determining either gains or losses in

forest AGB along tropical altitudinal gradients, within

the context of global warming, can increase our

understanding of the effects of climate change on these

valuable ecosystems as well as their long-term poten-

tial to mitigate greenhouse gas emissions.

In Andeanmontane forests, natural disturbances are

frequent and generally occur over small spatial

scales—typically less than 200 m2 (Asner et al.

2014). Thus, in montane forests the influence of recent

disturbances on forest AGB dynamics needs to be

assessed in sample areas that are small enough to

detect the imprint left by individual tree falls and

landslides. Within larger tree stands (e.g., 1-ha plots),

tree falls and landslides can create a mosaic of small

patches with different structural properties that can

mask the identification of endogenous and exogenous

processes determining the AGB dynamics that operate

at finer spatial scales (\ 1-ha). For example, a small

‘‘young’’ forest patch will tend to be even-aged with a

relatively uniform tree size distribution and symmetric

competition for resources, such as light (Chazdon

2008; Oliver and Larson 1990). In contrast, a small

older patch will contain trees of mixed-ages and will

have a more skewed distribution of tree sizes leading

to more asymmetric competition for light and other

resources (Cordonnier and Kunstler 2015; Weiner

1990). Likewise, at small spatial scales (B 400 m2),

we expect AGB productivity to increase significantly

with species richness due to an increase in interspecific

competition and/or complementary effects, a pattern

that seems to disappear when areas larger than 1-ha are

considered (Chisholm et al. 2013; Sullivan et al. 2017;

but see Liang et al. 2016). The identification and

quantification of the relative effects that fine-grain

processes have on the capacity of tropical forests to

store carbon in AGB are important for determining the

real extent to which exogenous drivers, such as

climate change, can modify forest functioning (Fisher

et al. 2008; Körner 2017; Wright 2005).

In lowland tropical forests, rising temperatures are

hypothesized to be causing an increase in both tree

mortality and productivity (growth and recruitment)

(Brienen et al. 2015; Lewis et al. 2015), which could in

turn promote a decrease in carbon residence times in

warmer places (Malhi et al. 2017). Along elevational

gradients, warming is expected to have negative

effects (e.g., increased mortality) on individuals, or

populations, inhabiting the lower, hotter portions of

their range (Duque et al. 2015; Feeley et al.

2011, 2013), but positive effects on the performance

of individuals and populations inhabiting the higher,

cooler portions of their range. Therefore, to evaluate

the net AGB changes in forests along elevational

gradients caused by climate change, we need to take

into account the effects of changes in species compo-

sition that will occur as species track their thermal

niches upslope.

Using pairwise correlations and linear mixed mod-

els (LMMs) applied to fine-scale (0.04 ha) data from

repeated censuses of forests in the AndesMountains of

northwest Colombia, we evaluate the relationship

between AGB stocks, AGB dynamics (i.e., AGB

mortality, AGB productivity, and net AGB change)

and changes in temperature across an elevation and

temperature gradient. First, we test the hypothesis that

both AGB stocks and AGB net changes are positively

related to temperature (Báez et al. 2015; Girardin et al.

2010). We then evaluate the relative importance of

AGB mortality and AGB productivity (growth and

recruitment) in determining the net AGB change along

the gradient. Specifically we test the hypothesis that

wood (and hence carbon) residence time decreases

from the lowlands to the highlands as a result of an

increase in AGB mortality but a decrease in produc-

tivity at higher elevations. Next, we quantify the extent

that either fine-grain exogenous climatic processes or

fine-grain endogenous processes associated with the

initial forest structure and changes in stem size

distribution determine AGB dynamics in these
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montane forests. We test the hypothesis that the

relative effect of initial conditions and the subsequent

changes in competition both play key roles in deter-

mining the patterns of AGB productivity. Overall,

AGB productivity, at small spatial scales, may be

highly dependent on initial conditions of stem size

distribution, species richness, and changes in forest

structural properties, while mortality will be more

strongly associated with climate change and direc-

tional changes in species composition. Finally, to

assess the importance of spatial grain size we repeat

the same above employing 1-ha plots.

Methods

Study area

This study was conducted using forest inventory data

collected at 15 different sites in the northwest of

Colombia, with plots located between 5�490 and 8�650
North and 74�610 and 77�350 West (Fig. S1). The

elevations of the sites range from 41 m asl to 2928 m

asl. The average annual rainfall varies between 1784

and 4937 mm year-1, and mean annual temperature

(MAT) is between 28.9 and 12.8 �C (Table S1).

Topography and geology of the area are highly

variable as a result of volcanic and alluvial sediments

that rise to the diversity of soil and geomorphological

properties of the region (Malagón 2003). In each of the

15 study sites, a continuous 100 m 9 100 m (1-ha)

plot was established and all trees and palms with stem

diameter at breast height (DBH, 1.3 m) C 10 cmwere

monitored. Only one site was located in a

forest[ 100 km2 in extent, suggesting the possibility

of past disturbance or degradation in some of the study

sites (Tyukavina et al. 2016; see Duque et al. 2015).

Plot data

In each of the 15 sites, a 1-ha forest permanent plots

comprised of 25 contiguous subplots of 20 m 9 20 m

(0.04-ha) was demarcated and monitored with

repeated censuses (i.e., Prado-Junior et al. 2016).

During the first set of censuses, completed between

2006 and 2009, we tagged, mapped, measured, and

collected vouchers of all trees and palms with

DBH C 10 cm. In all cases, the DBH point of

measurement was painted to facilitate subsequent

measurements at the same height on the trunk. During

the second set of censuses, completed between 2013

and 2014, DBH growth, recruitment, and mortality

were recorded. There were 134 (1.27%) cases in which

diameter growth was either less than -0.1 cm year-1 or

larger than 7.5 cm year-1. In those cases, the DBH of

the second census was adjusted to have either

- 0.1 cm year-1 less than the initial DBH or 7.5 cm

year-1 more than the initial DBH to avoid growth

values out of this expected diameter growth range

(Condit et al. 2004). The taxonomic identification of

all plants was carried out using vouchers deposited at

the University of Antioquia’s Herbarium (HUA).

Aboveground biomass stocks and dynamics

The aboveground biomass (AGB) of each tree was

estimated using the allometric equation proposed by

Chave et al. (2014), defined as:

AGB = 0.0673 9 (WD 9 DBH2 9 H)0.976; where

AGB (kg) is the estimated aboveground biomass,

DBH (cm) is the diameter of the tree at breast height, H

(m) is the estimated total height, and WD (g cm-3) is

the wood density. H was estimated based on the tallied

height of roughly 40% of the individual stems within

each 1-ha plot. In each plot, we used the function

modelHD available in the BIOMASS package for R

(Réjou-Méchain et al. 2017) to select the best model to

estimate H from DBH. We chose the best allometric

model from five candidate models: three log–log

polynomial, the three-parameter Weibull model, and a

two parameter Michaelis–Menten model (Table S2),

by selecting the model with the lowest RSE and bias

(see Supplementary Methods).

The AGB dynamics of each plot and subplot was

estimated from the annualized values of AGB pro-

ductivity (recruitment ? growth), AGB mortality,

and AGB net change (Prado-Junior et al. 2016). The

calculations of the separate AGB dynamic compo-

nents were done as follows: (i) mortality (mAGB;

Mg ha-1 year-1) = the sum of the AGB of all

individuals that died between censuses divided by

the time between measurements. (ii) Recruitment

(rAGB; Mg ha-1 year-1) = the sum of the AGB of

individuals that recruited into the DBH C 10 cm

between censuses divided by the time between mea-

surements. However, for each tree recruited (DBH

C 10 cm), we subtracted the corresponding AGB

associated with a tree of 9.99 cm (i.e., just below the
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detection limit), to avoid overestimations of the

overall productivity in AGB (Talbot et al. 2014;

Prado-Junior et al. 2016). (iii) AGB growth (gAGB;

Mg ha-1 year-1) = the sum of the increase in AGB of

all individuals with DBH C 10 cm that survived

between censuses divided by the time between cen-

suses. (iv) Net AGB change (nAGB; Mg ha-1 year-1)-

= the annualized difference between productivity

(pAGB = rAGB?AGB) and mortality (mAGB).

Endogenous processes

To account for endogenous processes associated with

changes in AGB stocks and dynamics in each of the

375 0.04-ha forest subplots, we used the species

richness (Sp) and the Gini coefficient (Vandermeer

and Goldberg 2003) of the first census to characterize

the initial conditions of each subplot. Theory suggests

that an increase in species richness increases compe-

tition and promotes a more efficient use of resources

(Tilman 1999). The Gini coefficient, also known as the

Gini concentration index, is a measure of statistical

dispersion intended to represent inequality of a

frequency distribution. The Gini coefficient has been

used in ecology to assess size/resource inequality and

structural diversity (Cordonnier and Kunstler 2015;

Ramı́rez et al. 2015; Sullivan et al. 2017; Sumanta

2007). Overall, we expect stems with a larger initial

size will have a greater probability of increasing in

AGB (Stephenson et al. 2014).

The Gini coefficient ranges between 0 and 1 with

higher values indicating high heterogeneity in stem

sizes and that a small portion of the population is

taking up a majority of the available resources. In

contrast, lower values of the Gini coefficient indicate a

relatively homogeneous distribution of stem sizes,

leading to a more even stem size distribution (Ramı́rez

et al. 2015). To estimate the Gini coefficient, individ-

uals were organized in ascending order with respect to

DBH and we evaluated the successive difference in

size between the individual hi with the DBH of the

next individual hj. The result of this sum divided by the

average DBH ðDBHÞ and population density (n) yields
the Gini coefficient:

Gini ¼
Pn

i¼1

Pn
j¼1 DBHi � DBHj

�
�

�
�

2DBH n n� 1ð Þ

where DBHi is the diameter of the ith individual in the

plot, DBH is the mean diameter, and n is the

population density. The Gini coefficient was calcu-

lated using the library Ineq in R (Zeileis 2015). We

used DBH instead of AGB to calculate the Gini

coefficient to minimize correlations between the

AGB-dependent variables and the Gini-derived

explanatory variables.

To account for the effects of changes in stem size

distributions on AGB dynamics, we used the differ-

ence between the final Gini calculated in the last

census (Gini2) and the initial Gini calculated in the first

census (Gini1) such that DGini ¼ Gini2 � Gini1. A

positive value of D Gini indicates an increase in size

inequality through time; a negativeDGini indicates an

increase in size equality through time. The correlation

between Gini1 (initial) and D Gini (change) was not

significant (r = - 0.09, p C 0.05). The Gini and D
Gini coefficients are used in subsequent analyses to

represent the initial structural properties (stem size

distribution) of the forests and changes in forest

structure, respectively.

Exogenous processes

The lack of fine-grain temporal and spatial climatic

data for most tropical montane forests hampers our

ability to accurately account for the effects that

exogenous processes, such as global warming, have

on AGB dynamics at small spatial scales. To over-

come this limitation, we used two different metrics of

climate and global warming, respectively: (1) the

estimated MAT (�C year-1) of each site as extracted

from the WorldClim extrapolated climate dataset

(Hijmans et al. 2005) at a spatial scale of 30 arc

seconds. Given this spatial resolution (approximately

1 km2), all 25 0.04-ha subplots at each site had the

same estimated MAT. MAT is highly correlated with

elevation (r = - 0.99, p\ 0.001), and thus, the two

can be considered interchangeable. And (2) the

thermophilization rate (TR �C year-1, formerly

referred to as the Thermal Migration Rate in Duque

et al. 2015; Feeley et al. 2013). TR is defined here as

the rate and direction of compositional change in tree

communities in relation to species’ thermal optima

(i.e., a positive TR indicates an increase in the relative

abundances of lowland, thermophilic species). TR is

an indicator of the relative effect of global warming on
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plant communities (Duque et al. 2015; Feeley et al.

2013). TR was calculated for each of the 375 0.04-ha

subplots as well as each 1-ha plot (see Methods in

Supplementary Information).

Data analysis

We used the Pearson correlation coefficient (r) to

evaluate the influence of temperature and elevation on

determining changes in AGB stocks and AGB dynam-

ics (i.e., AGB mortality, AGB productivity, and net

AGB change). These analyses were done for the 375

0.04-ha subplots and for the 15 1-ha plots as well.

Linear mixed models (LMMs), with site as a

random effect to account for the nestedness of the

subplots within sites, were applied to assess the effects

of endogenous (Sp, Gini, and D Gini) and exogenous

(MAT and TR) factors on shaping mAGB, pAGB, and

gNAGB. LMMs overcome analytical problems asso-

ciated with autocorrelations—a potential concern in

these analyses since we employ contiguous subplots at

each site (after Prado-Junior et al. 2016). The

endogenous and exogenous variables were included

as fixed effects in the LMMs. To select the indepen-

dent variables that best explain the variation of the

AGB dynamics, we used a manual selection process in

which we eliminated all variables with a significance

level (a)[ 0.05 (Burnham and Anderson 1998). For

all LMM analyses, we excluded a single 0.04-ha

subplot where the death of one very large tree had an

unduly strong influence on the overall variance

explained in the models; as such, for LMMs we used

374 0.04-ha subplots. The results obtained with all 375

subplots are presented and discussed in the supple-

mentary information.

We calculated both the conditional R2 (R2
c) and the

marginal R2 (R2
m) for each of the final LMMs (mAGB,

pAGB, and nAGB). The R2
c indicates the proportion of

variance explained by both fixed and random effects,

while the R2
m indicates the proportion of variance

explained by only fixed effects (Nakagawa and

Schielzeth 2013). Values of R2
m close to R2

c indicate

that most of the explained variance is caused by fixed,

rather than random (site differences) effects. To

analyze the effect of either endogenous or exogenous

processes at a coarse-grain scale (1-ha) on shaping

mAGB, pAGB, and gNAGB, we performed multiple

regression analysis based on ordinary least squares.

We used a manual selection process in which all

variables with a significance level (a)\ 0.05 were

retained in the final models. Finally, we conducted a

sensitivity analysis to evaluate the power of each fixed

variable to forecast AGB dynamics. For this sensitiv-

ity analysis, the relationship between AGB dynamics

and each of the fixed variables that was retained in the

final models was examined (within the observed range

of variable values) while holding all other explanatory

variables constant. All analyses were performed using

R 3.4 (R Core Team 2017).

Results

Height–diameter allometries

There were differences in which models best

described the H:DBH allometry of the sites. The

Weibull model was the best model in eight (8) sites,

the quadratic logarithmic model in three, the cubic

logarithmic model in two, and the Michaelis–Menten

model in two (Table S3). The bias [mean relative error

(%)] of the estimated total height in the 15 1-ha plots

was - 0.50 ± 0.77 (range - 2.01 to 0.93). The mean

uncertainty [mean standard deviation (%)] of the

estimated total height in the 15 1-ha plots was

22.24 ± 4.48 (range 19.97–29.60) (Table S4).

Aboveground biomass stocks and dynamics

The initial mean AGB (± SE) measured in the plots

was 203.14 ± 5.96 Mg ha-1 (Range

137.87–290.61 Mg ha-1) (Table S1), and the mean

nAGB was ?2.21 ± 0.51 Mg ha-1 year-1 (- 1.76 to

? 4.36 Mg ha-1 year-1). Based on the 0.04-ha sub-

plots, there were no significant correlations (p[ 0.05)

between MAT and either AGB or nAGB. However,

based on the 0.04-ha subplots, there was a weak but

significant correlation (r = 0.11; p\ 0.05) between

MAT and pAGB (Table 1). At the 1-ha plot scale, there

was not any significant correlations (p[ 0.05)

between MAT and either AGB stocks or AGB

dynamics (mAGB, pAGB, or nAGB) (Table 1). The net

increase in the AGB (nAGB) of the plots was due to a

higher pAGB (5.54 ± 0.23 Mg ha-1 year-1) than

mAGB (3.33 ± 0.47 Mg ha-1 year-1). The pAGB was

mainly determined by gAGB
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(5.21 ± 0.21 Mg ha-1 year-1), with a smaller con-

tribution from rAGB (0.33 ± 0.05 Mg ha-1 year-1)

(Fig. 1; Table S5).

Drivers of the AGB dynamics

mAGB and nAGB were influenced by both endogenous

and exogenous variables associated with forest struc-

tural properties and changes in species composition,

respectively. For pAGB, only endogenous variables

associated with forest structural properties were

significant. The proportion of the variance explained

by random effects was lowest for nAGB, followed by

pAGB, and mAGB, respectively (Table 2a). The loss of

AGB due to mortality (mAGB) was positively related to

plot thermophilization (TR; Fig. 2a), but negatively

related to D Gini (Fig. 2b). The former relationship

indicates that species inhabiting the lower, hotter

portions of their range have a higher probability of

mortality; the later relationship indicates an increase in

mAGB (i.e., greater loss of biomass due to stem

mortality) with transitions in forest structure toward

greater size equality. In the case of AGB productivity

(pAGB), AGB increased faster in plots with higher Gini

(i.e., with more stem size inequality, (Fig. 2c, d).

Table 1 Pairwise Pearson correlation coefficients between

variables. Values in the upper panel are based on the 375 0.04-

ha plots. Values in the lower panel are based on the 15 1-ha

plots. Significant correlations are italicized

AGB 1 0.29*** 0.55*** - 0.03 0.03

0.70** m AGB 0.14** - 0.90*** 0.10

0.68** 0.82*** p AGB 0.31*** 0.11*

- 0.51 - 0.87*** - 0.42 n AGB - 0.05

0.10 0.37 0.34 - 0.29 MAT

AGB 1(Mg ha-1): aboveground biomass census 1. mAGB

(Mg ha-1 year-1): annual AGB mortality. pAGB (Mg ha-1

year-1): annual AGB productivity (recruitment ? growth).

nAGB (Mg ha-1 year-1): annual net AGB change. MAT (�C
year-1). *p value B 0.05; **p value B 0.01;

***p value B 0.001

Fig. 1 Aboveground

biomass dynamics (AGB;

Mg ha-1 year-1) in 15 sites

located in the northwest of

Colombia. The sites are

ordered according to their

elevation (Table S1). g:

annual AGB growth; r:

annual AGB recruitment; m:

annual AGB mortality; n:

annual net change of AGB.

Vertical lines represent the

standard deviation (SD).

The SD was assessed by

bootstrapping of 999 draws.

The non-filled symbol

(dashed confidence

intervals) in Site 2

represents the annual net

change of AGB after

eliminating the subplot

where a very large tree died.

The data employed to build

the table os presented in

Table S5
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Finally, the net AGB changes are negatively associ-

ated with the TRs (Fig. 2e), but positively associated

with Gini (Fig. 2f, g, Table 2a).

According to the sensitivity analysis, D Gini was

the most important variable determining mAGB and

nAGB (Fig. 2b, g), and the initial Gini was the most

important factor explaining pAGB (Fig. 2d). The

inclusion of the one subplot with a very high mortality

tended to increase the total variation explained by

mAGB, with only subtle changes in the selected

explanatory variables in comparison with those left

when the subplot was eliminated. However, the

inclusion of the plot with an extreme AGB mortality

removed the explanatory power of TR on nAGB, which

would mean that only endogenous processes explain

the net balance of the AGB (See Supplementary

Information; Table S6; Fig. S2). With 1-ha plots, the

explanation of the AGB dynamics simplifies to

include only the initial Gini as the main explanatory

variables of both mAGB and pAGB, and TR as the only

explanatory variable of nAGB (Table 2b).

Discussion

Change in AGB stocks and AGB dynamics

across the elevational/temperature gradient

We did not find a significant relationship between

MAT (or elevation) and AGB stocks. This pattern, or

lack thereof, partially contradicts our first hypothesis.

One possible explanation for the lack of a temperature

effect on AGB stocks along this elevational gradient is

a greater effect of forest degradation in the lowlands–

indeed, steep slopes, rough terrain, and low accessi-

bility provide highland forests with a degree of de

facto protection (Spracklen and Righelato 2014).

Alternatively, the absence of a relationship between

AGB stocks and AGB dynamics with MAT may be

driven by the dominance of some large-statured

species, such as Quercus humboldtii (Fagaceae), in

the highland forests above 1700 m asl. The Fagaceae

family is abundant in temperate ecosystems and

appears to be well adapted to the cold conditions of

tropical high elevation montane forest where it reaches

sizes similar to, or in some cases even larger than, that

of large lowland canopy trees. In fact, the Q.

humboldtii (238.0 Mg) contained more than three

times as much AGB as the species with the next

highest amount of AGB, Eschweilera sp2 (86.6 Mg).

Although most studies in the Neotropics have found a

decrease in AGB at higher elevations (Girardin et al.

2010, 2014; but see Unger et al. 2012), recent studies

of elevational gradients in Africa and Papua New

Guinea have recorded highland forests with AGBs

similar to their corresponding lowland forests (Cuni-

Sanchez et al. 2017; Hemp et al. 2017; Venter et al.

2017). Our results suggest that large AGB stocks due

to the presence of large-statured trees in highland

forests are a phenomenon that is not exclusive to the

Paleotropics and can occur in Neotropical montane

forests as well.

Change in stem slenderness across elevations is

hypothesized to be a key driver of the correlation

between the decrease in AGB and the decrease in

temperature (Girardin et al. 2010). Although the use of

different models makes it difficult to directly assess

changes in stem slenderness along the elevational

gradient in our study, when we used the allometric

coefficient (b1) of the simplest logarithmic model

(H = b0 9 DBHb1), the significant negative correla-

tion observed between b1 and elevation (r = 0.60;

Table 2 Selected explanatory variables of aboveground bio-

mass dynamics based on (a) 374 0.04-ha subplots, (b) 1-ha

plots. mAGB: annual AGB mortality. pAGB: annual AGB pro-

ductivity (recruitment ? growth). nAGB: annual net AGB

change

Predictor mAGB pAGB nAGB

(a) 0.04-ha subplots

TR 17.64*** - 15.06**

Temperature

Sp

Gini1 32.39*** 29.32***

D Gini - 145.29*** 71. 10*** 218.16***

R2 marginal 0.24 0.23 0.30

R2 conditional 0.35 0.26 0.34

(b) 1-ha plots

TR - 59.18*

Temperature

Sp

Gini1 42.62* 25.89**

D Gini

R2 Adjusted 0.32 0.40 0.24

Sp: Initial species richness (ha-1). Gini1: initial Gini

coefficient (census 1). D Gini: Gini coefficient difference

(Gini2-Gini1). *p value B 0.05; **p value B 0.01;

***p value B 0.001
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p\ 0.05) indicates support for this hypothesis. How-

ever, there was not a significant relationship between

elevation and AGB stocks either at the 0.04-ha or 1-ha

scales, which disagrees with the expectation of stem

slenderness as a universal driver of AGB stocks along

elevational gradients. Factors other than slenderness,

such as the uncoupled variation between basal area

and wood density (r = - 0.41; p[ 0.05), may play a

key role in explaining why there is no observed

association between AGB stocks and elevation in the

montane forests included in our study.

Fig. 2 Sensitivity analysis of significant explanatory variables

left in the final models as main determinants of aboveground

biomass (AGB) mortality (a), (b), AGB productivity (c), (d),
and AGB net change (e), (f), (g), based on 374 0.04-ha subplots.
Each panel shows the prediction of the corresponding AGB

dynamic variable as a function of the standardized values of

each explanatory variable when all others are fixed at their

average. Gray contours represent the 95% confidence intervals.

The lines at the bottom of each panel represent the observed

values of each explanatory variable
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The precision of tree height estimates is crucial for

determining the accuracy of AGB stock estimates in

tropical wet forests (Duque et al. 2017; Sullivan et al.

2018). In our study, the use of independent H:DBH

allometric models based on measurements of height

tallied in each plot, significantly improved the AGB

estimation at each site. For example, if we had used the

logarithmic quadratic model that best fitted the

complete tree height dataset gathered across all 15

1-ha plots (10,611 individuals), the mean bias of the

AGB estimation in the plots varied between an

underestimation of - 15.6% and an overestimation

of ? 13.4% (Table S4). This finding means that the

use of local H:DBH allometries instead of the regional

ones (Sullivan et al. 2018) is paramount for improving

the calibration of remotely sensed products and the

wall-to-wall estimations of AGB stocks at regional

scales. However, the mean bias in the estimation of the

AGB stocks of the 15 1-ha plots using the overall

H:DBH allometry led to an overall bias (mean relative

error %) of only- 1.34% and to an uncertainty (mean

of the standard deviation %) of 22.54%, which did not

significantly differ from the - 0.50% and 22.24%

found employing the H:DBH plot-specific models

(Table S4). This finding suggests that when we aim to

assess the overall discrete mean of the regional AGB,

the use of regional models (e.g., Feldpausch et al.

2012) is still sufficient.

Our analysis also shows there is no a significant

trend with MAT (or elevation) in aboveground

biomass mortality (mAGB) or net aboveground bio-

mass changes (nAGB). This contradicts the hypothesis

of a decrease of the wood residence time with

elevation. This finding pinpoints to a steady state in

the aboveground gross primary productivity along the

whole elevational gradient, apparently triggered by the

high abundance of large-statured species in highlands.

However, the significant, albeit weak, positive corre-

lation found at fine spatial scales (0.04-ha subplots)

between aboveground biomass productivity and MAT

emphasizes on the proposed decline or shift in forest

aboveground productivity due to the reduction in light

and temperature above the cloud formation zone

(Girardin et al. 2010, 2014). This pattern, however,

disappears when 1-ha plots were employed. As

discussed above, the high net aboveground biomass

productivity of some very abundant species in high-

lands, such as Q. humboldtii (4.1 Mg year-1; ranked

as the most productive species) and Billia rosea

(1.0 Mg year-1; ranked as the fourth most productive

species), seems to counterbalance the aboveground

biomass production in lowlands. Additional studies

assessing the role that large-statured species adapted

to highlands (e.g., Venter et al. 2017) play in

determining patterns of forest aboveground produc-

tivity along elevational gradients in the Neotropics are

called for.

The results of our study indicate that tree growth is

the most important factor in determining rates of AGB

increase, and hence carbon sequestration, in these

Neotropical montane forests. The net AGB seques-

tered by these forests (nAGB = ? 2.21 ±

0.51 Mg ha-1 year-1), equivalent to approximately

1.09% of initial AGB, is higher than either the

0.89 Mg ha-1 year-1 reported Amazon wide (Phillips

et al. 2009) or the 1.62 Mg ha-1 year-1 reported in a

terra firme forest in the Colombian Amazon (Zuleta

et al. 2017). However, our values of nAGB are even

lower than the 2.79 Mg ha-1 year-1 reported on the

hills of a terra firme forest in the Colombian Amazon

(Zuleta et al. 2017). AGB gains (nAGB) in these forests

were attributed to rapid growth of drought-tolerant

species favored by a 2010 drought. In the case of the

Andean plots, we hypothesize that global warming

may be causing an increase in the growth of heat-

tolerant (i.e., thermophilic) tree species, a phe-

nomenon termed as thermophilization (Duque et al.

2015; Feeley et al. 2013), especially in those plots with

low abundance of species with thermal optima above

of the current mean temperature of the focal plot.

Endogenous versus exogenous processes

as determinants of AGB dynamics

As shown by the sensitivity analysis, global warming,

as indicated here by the TR of each subplot, is driving

a significant increase in aboveground biomass mor-

tality (mAGB) but not in aboveground biomass pro-

ductivity (pAGB), which was exclusively related to

variables associated with forest structural properties.

Our findings show that along our elevational gradient,

at small spatial scales, aboveground biomass mortality

increases when species composition changes to

include a higher relative abundance of lowland species

(i.e., with more positive TRs). In other words,

aboveground biomass mortality increases as rising

temperatures cause elevated mortality of trees at the

lower edges of their species’ altitudinal/thermal

123

Plant Ecol (2018) 219:1481–1492 1489



ranges (Duque et al. 2015). Likewise, the sensitivity

analysis showed that aboveground biomass mortality

decreases as Gini increases and the forest structure

changes toward a more equal distribution of stem

sizes. In contrast, aboveground biomass productivity

increases with increased stem size inequality. The

tendency of aboveground biomass growth to increase

with greater size inequality is typical of forest patches

recovering from recent disturbances (Chazdon 2008;

Coomes and Allen 2007; Oliver and Larson 1990).

These findings give support to our third hypothesis and

highlight the contribution that fine-grain processes can

have in structuring the overall pattern of net above-

ground biomass change (nAGB) at the landscape scale.

In this study, we found no evidence of either niche

complementarity or a selection effect explaining

aboveground biomass productivity, as tested by the

relationship between species richness and net above-

ground biomass change. This contradicts patterns

reported at similar spatial scales in lowland forests

(Chisholm et al. 2013; Sullivan et al. 2017). The high

yield of some numerically dominant large-statured

hardwood species in the highlands appears to be the

main explanation for the lack of correlation between

species richness and aboveground biomass productiv-

ity along the elevational gradient. As discussed above,

high AGB in tropical highlands, although widespread

in some other systems (Cuni-Sanchez et al. 2017;

Hemp et al. 2017; Marshall et al. 2012; Venter et al.

2017), is not typical of all Neotropical mountain

forests. The factors allowing for the dominance of

large trees in some tropical highland forests may be

evolutionary (Culmsee et al. 2010) or ecological

(Larjavaara 2014) and clearly warrants additional

study.

Focusing on processes at relatively small spatial

scales suggests mechanisms that complement the

findings at larger spatial scales (e.g., 1-ha). Account-

ing for the initial conditions and dynamics of structural

variation caused by gap formation in forest stands

(Coomes and Allen 2007), as well as by directional

changes in species composition (Duque et al. 2015;

Feeley et al. 2013), helped to explain the observed

patterns of AGB dynamics. Indeed, the correlation of

aggregated AGB stocks and AGB dynamics at 1-ha

scale differs from the relationship at 0.04-ha scale. In

other words, when we followed the classical approach

of measuring AGB stocks and AGB changes at the

1-ha scale (Brienen et al. 2015; Phillips et al. 2004),

the factors that were identified as the main drivers of

AGB dynamics differed significantly from what we

found using the 0.04-ha subplots (Table 2). For

example, employing 1-ha plots, both aboveground

biomass mortality and aboveground biomass produc-

tivity are positively related to just the initial conditions

of size asymmetry (Gini1), while net aboveground

biomass change is exclusively and negatively associ-

ated with directional changes in species composition

(TR) (Table 2). With 1-ha plots, the influence of

changes from size inequality to size equality or vice

versa (D Gini) is negligible. This means that using

1-ha plots, we would not be able to identify the roles

played by endogenous processes derived from the

small-scale variation in forest structure, such as those

emerging from gap dynamics (Table 2). By looking at

patterns over smaller spatial scales (0.04-ha) that

better match the patchy structure of forests, we were

able to reveal the important role that endogenous

processes play in controlling net aboveground biomass

change in these tropical montane forests.

Conclusions

It is widely hypothesized that the AGB of tropical

forests is increasing through time (Brienen et al. 2015;

Chave et al. 2008; Phillips et al. 2008), purportedly

due to the joint effects of rising temperatures and/or

increasing atmospheric concentrations of CO2 (i.e.,

the ‘‘carbon fertilization’’ effect; Brienen et al. 2015;

Lewis et al. 2009; Phillips et al. 2008). However, in the

tropical Andes, information about forest dynamics is

scarce (e.g., Pitman et al. 2011). The studies that do

exist have not separated out the effects of endogenous

versus exogenous processes in their analyses of AGB

dynamics, hampering their ability to assess the net

contribution of global warming to changing patterns of

carbon sequestration. Here, by analyzing the influence

of fine-grain processes on the AGB dynamics along an

elevational gradient, we show that (1) global warming

is triggering directional changes in species composi-

tion by thermophilization via increased tree mortality

of species in the lower portions of their ranges (Duque

et al. 2015; Feeley et al. 2013), and (2) the inclusion of

small-scale forest changes due to natural disturbance

(Asner et al. 2014) can help to explain observed

patterns in AGB stocks and dynamics.
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(2017) BIOMASS: an r package for estimating above-

ground biomass and its uncertainty in tropical forests.

Methods Ecol Evol 8:1163–1167

Saatchi SS, Harris NL, Brown S, Lefsky M, Mitchard ETA,

Salas W et al (2011) Benchmark map of forest carbon

stocks in tropical regions across three continents. Proc Natl

Acad Sci 108:9899–9904

Spracklen DV, Righelato R (2014) Tropical montane forests are

a larger than expected global carbon store. Biogeosciences

11:2741–2754

Stephenson NL, Das AJ, Condit R, Russo SE, Baker PJ, Beck-

man NG et al (2014) Rate of tree carbon accumulation

increases continuously with tree size. Nature 507:90–93

SullivanMJP, Talbot J, Lewis SL, Phillips OL, Qie L, Begne SK

et al (2017) Diversity and carbon storage across the tropical

forest biome. Sci Rep 7:39102

Sullivan MJP, Lewis SL, Hubau W, Qie L, Baker TR, Banin LF

et al (2018) Field methods for sampling tree height for

tropical forest biomass estimation. Methods Ecol Evol

9:1179–1189

Sumanta B (2007) Relationship between size hierarchy and

density of trees in a tropical dry deciduous forest of western

India. J Veg Sci 18:389–394

Talbot J, Lewis SL, Lopez-Gonzalez G, Brienen RJW, Mon-

teagudo A, Baker TR et al (2014) Methods to estimate

aboveground wood productivity from long-term forest

inventory plots. For Ecol Manag 320:30–38

Tilman D (1999) The ecological consequences of changes in

biodiversity: a search for general principles. Ecology

80:1455–1474

Tyukavina A, Hansen MC, Potapov PV, Krylov AM, Goetz SJ

(2016) Pan-tropical hinterland forests: mapping minimally

disturbed forests. Glob Ecol Biogeogr 25:151–163

Unger M, Homeier J, Leuschner C (2012) Effects of soil

chemistry on tropical forest biomass and productivity at

different elevations in the equatorial Andes. Oecologia

170:263–274

Vandermeer J, Goldberg D (2003) Elementary population

ecology. Princeton University Press, Princeton

Venter M, Dwyer J, Dieleman W, Ramachandra A, Gillieson D,

Laurance S et al (2017) Optimal climate for large trees at

high elevations drives patterns of biomass in remote forests

of Papua New Guinea. Glob Change Biol 23:4873–4883

Weiner J (1990) Asymetric competition in plant populations.

Trends Ecol Evol 5:360–364

Wright SJ (2005) Tropical forests in a changing environment.

Trends Ecol Evol 20:553–560

Zeileis A (2015) Ineq: measuring inequality, concentration, and

poverty. R Package. http://CRAN.R-project.org/package=

ineq

Zhang J, Huang S, He F (2015) Half-century evidence from

western Canada shows forest dynamics are primarily dri-

ven by competition followed by climate. Proc Natl Acad

Sci 112:4009–4014

Zuleta D, Duque A, Cardenas D, Muller-Landau HC, Davies S

(2017) Drought-induced mortality patterns and rapid bio-

mass recovery in a terra firme forest in the Colombian

Amazon. Ecology 98:2538–2546

123

1492 Plant Ecol (2018) 219:1481–1492

http://CRAN.R-project.org/package%3dineq
http://CRAN.R-project.org/package%3dineq

	Effects of endogenous and exogenous processes on aboveground biomass stocks and dynamics in Andean forests
	Abstract
	Introduction
	Methods
	Study area
	Plot data
	Aboveground biomass stocks and dynamics
	Endogenous processes
	Exogenous processes
	Data analysis

	Results
	Height--diameter allometries
	Aboveground biomass stocks and dynamics
	Drivers of the AGB dynamics

	Discussion
	Change in AGB stocks and AGB dynamics across the elevational/temperature gradient
	Endogenous versus exogenous processes as determinants of AGB dynamics

	Conclusions
	Acknowledgements
	References




